Engineering single atom and single photon sources from entangled atomic ensembles 
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We discuss the application of dipole blockade techniques for the preparation of single atom and 
single photon sources. A deterministic protocol is given for loading a single atom in an optical trap 
as well as ejecting a controlled number of atoms in a desired direction. A single photon source with 
an optically controlled beam-like emission pattern is described. 
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Quantum information science builds on the laws of 
quantum mechanics to transmit, store, and process in- 
formation in new and powerful ways. Advances in this 
field rely on our ability to manipulate coherently isolated 
quantum objects while eliminating incoherent interac- 
tions with the surrounding environment. It was proposed 
several decades ago that the availability of single photon 
sources would enable secure transmission of information 
without risk of eavesdropping jl]. Single photon sources 
have been proposed and realized using a number of dif- 
ferent approaches Q, and demonstrated for information 
transmission II . Another example of a physical embod- 
iment of quantum information is provided by a single 
neutral atom, the internal states of which can be used to 
represent a quantum bit or "qubit" . Placing individual 
atoms on a lattice defined by optical beams and allowing 
them to interact is one of the approaches currently being 
explored for constructing a quantum computer g . 

In this letter we describe some new approaches to en- 
gineering single atom and single photon sources for use 
in quantum information science. These ideas utilize the 
proposal of Lukin et al.j5| for entanglement of meso- 
scopic atomic ensembles using a dipole-blockade mech- 
anism that is mediated by dipole-dipole interactions of 
highly excited Rydberg atoms. Lukin et al. empha- 
sized the application of mesoscopic many-atom qubits for 
quantum logic. Here we discuss how to combine many- 
atom entanglement with laser cooling and trapping tech- 
niques for loading a single atom into an optical trap, as 
well as creating single atom and single photon sources. 
We show that both atoms and photons can be extracted 
with well defined propagation directions. 

Consider a collection of N atoms at positions rj each 
with non-degenerate ground states \a), \b), intermediate 
states |e) and highly excited Rydberg states \r) as shown 
in the inset of Fig. |IJ We envision that the atoms have 
been laser cooled to /zK temperatures, and confined to 
a volume of a few /im 3 defined by an optical trap cre- 
ated by far off-resonance optical beams (FORT trap) 
using standard techniques H. Following the theory of 
Lukin, et al.^| we define the following collective atomic 
states: the ground state \g) — rj ■ \bj) = |&i&2---&jv)) 
the singly excited state |r,-) = \bi...rj...b N ), and the 



doubly excited state \rjVk) 



.r k ...b N ). The in- 



\b) and |r) assuming zero atom- field detuning is taken 
to be V = V d + V dd where 2V d /h = %|r,,)<p| + 

■ k>j ^fcl r j r fe)( r j 'I + H.c. describes the electric-dipole 
atom-field coupling in the rotating wave approxima- 
tion, and V dd /h = J2j,k>j A 3 k\rjr k )(rjr k \ describes the 
dipole-dipole interaction of two excited atoms. Here 
Qj = —{rj\d\bj)£(rj)/H, where d is the dipole moment 
operator, and the position dependent optical field is 
E(y 3 ) = (£(r 3 )/2)e- luJt + c.c. . The dipole-dipole shift in 
the case of dipole moments aligned parallel to the vector 
separating the atoms is given by Ajk = —f(n)e 2 aQ/\rj — 
rfe| 3 with e the electronic charge and ao the Bohr radius. 
The numerical factor f(n) can be found from a quantum 
defect theory calculation of the Rydberg Stark map. In 
the presence of a hybridizing dc field fin) 
level with principal quantum number n 



n 6 for a 



When Ajk ~> we can safely neglect triply ex- 

cited states and higher. An arbitrary N atom state vec- 



tor can be written in this limit as \il>(t)) 



J2j Cj{t)\ r j) + J2j,k>j Cjk(t)\rjr k ). We can obtain analyt- 
ical estimates of the dynamics by considering the atomic 
evolution due to a field that is pulsed on to excite a tran- 
sition to a Rydberg state and has a spatially uniform 

We neglect the atomic 
is taken as constant. 



intensity such that Oj = f2e J ^ J ' 
motion during a pulse so that 



Incorporating the phases 4> 3 ■ — k • for a traveling wave 
with wavevector k into the amplitudes cj = Cje^ l ^ j and 
assuming all coefficients Cj equal, 



Cj'fc 



-t{<l>j+4> k ) 



and adiabatically eliminating the doubly excited state, 
the normalized singly excited symmetric state can be 
written as 

1 , 
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(1) 



and has amplitude c s = v Ncj . The Schrodinger equation 
results in 
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teraction Hamiltonian governing the coupling of levels Eqs. 



with the initial condition c g (0) 



(2a) 
(2b) 

. Solving 
1 (this is 
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FIG. 1: Probability of non-excited and doubly ex- 
cited states after a Rydberg pulse as a function of the 
number of atoms. The inset shows the atomic level 
scheme. 



readily achieved with optical pumping techniques) we 
find |c s (i)| 2 = risin^^M t] with I = 1 + (N - 
l) 2 |ft| 2 /4iVA 2 d . Thus at time t = 7r/(VM|0|) we have 



rotated the ground state to the singly excited symmetric 
state \s) with probability -P s in g ic = 1/1 and since Eqs. (||) 
conserve probability |c g (£)| 2 = P zcro = 1 — -Psingic- The 
unwanted leakage into the doubly excited states at the 
end of the tt pulse is found by summing over the doubly 
excited probabilities resulting in 
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(3) 



We can estimate the fidelity of preparation of a singly 
excited state starting with N trapped atoms using phys- 
ical parameters of 87 Rb as an example. Assume that 
the atoms are randomly distributed in a sphere of 5 /im 
diameter and that we are using the n — 50 Rydberg lev- 
els. A quantum defect calculation shows that a pair of 
atoms with the maximum separation of 5 /Ltm subject to 
a hybridizing dc field experience a dipole-dipole shift of 
A/2tt - 100 MHz. Using \Q\/2n = 1 MHz we see, as 
shown in Fig. |l|, that the probability of creating a state 
with zero or two excitations grows linearly with TV (the 
average interatomic spacing and Add stay roughly con- 
stant as atoms are added) and remains less than 3 x 10 -5 
for up to N — 500 atoms. 

After creating the singly excited state we apply 
a 7r pulse at to' to transfer the single-atom excita- 
tion to the lower ground state \a). The collective 
atomic state after this pulse sequence is proportional 
to (l/vW) 2j=i el< ^ j |bi...Oj-"6jv)) which has the same 
functional form as Eq. (1). It can be shown that correc- 
tions to the N atom results due to spontaneous emission 
are 0(Njr/ Add) with 7^ the Rydberg level spontaneous 
decay rate. The correction is negligible for experimental 
conditions of interest with up to several thousand atoms. 
It should be noted that it is essential for high fidelity 
preparation that the pulses be applied sequentially. Ap- 



plying both lu and ui' simultaneously leads to large am- 
plitude multiply excited leakage from \b) to \a) due to 
multiphoton Raman processes. 

One application of this many-atom entangled state is 
to load an array of optical traps with a single atom in each 
one for use as a quantum computer [0]. In that applica- 
tion the dipole blockade mechanism can also be used be- 
tween adjacent qubit sites to implement two-qubit logic 
gates [8|. With N atoms in a given lattice site we use 
the above procedure to prepare the state \a). To eject 
the N — 1 atoms remaining in state \b) we apply a beam 
that causes strong mechanical forces on |6) but only weak 
forces on \a). One possibility is to use a beam with a waist 
a few times larger than the FORT beam waist wfort and 
with a frequency Lu C j CCt that is tuned to the red of u) ea and 
to the blue of uj eb as shown in Fig. |l]. This gives repul- 
sive gradient forces on \b) and attractive forces on \a) as 
shown numerically in Fig. ^. In the left hand plot we see 
that the combined potential from the FORT beam and 
the eject beam is strongly repulsive for \b), but attractive 
with only a small shift in the position of the minimum 
for I a). The net acceleration of atoms in state \b) due 
to the FORT and eject beams is positive causing mo- 
tion to the right over the entire region occupied by the 
atom cloud. After a characteristic time t\ determined 
by |ai 2 = wfort with a = F/m the net acceleration, 
atoms in state \b) will be swept free of the FORT po- 
tential, leaving a single atom in state \a) behind. Using 
the parameters in Fig. ^ we get t\ ~ 40 fxs. Note that 
since the indistinguishable atoms are actually in an en- 
tangled superposition state we cannot actually speak of 
1 atom left behind in the trap and N — 1 ejected until 
a measurement or decoherence has caused projection of 
the wavefunction. Finally it should be emphasized that 
although several experiments have achieved single atom 
loading in optical traps, they have relied on stochastic 
loading into extremely small volumes High fidelity 
single atom loading is essential for filling a large number 
of traps in a neutral atom quantum processor |l0| . 

As suggested by Lukin et al.jg] a deterministic beam 
of atoms can also be generated using the entangled en- 
semble. We use a protocol very similar to that described 
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FIG. 2: Potentials(left) and acceleration (right) for atom 
ejection with the eject beam centered 3 fim to the left of the 
FORT beam. Calculations for 87 Rb with uifort = 5 /im, 
-Pfort = 100 mW, Afort = 1-06 ^m, w c j cct = 10 ^m, 
Pojcct = 9 fiW, (deject - uj rb )/2-K = 1 GHz, and T at omic = 
30 /xK. 
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above for single atom loading but now start by optically 
pumping the trapped atoms to state \a). A sequence of 
7r pulses on to' and lj will transfer a single excitation 
to 1 6) which can be ejected from the trap as described 
above. To obtain multiple atom pulses, each containing 
m atoms, we first go through m dipole blockade cycles 
to create an entangled state with m units of excitation 
in |&)||. We then eject the m atoms by applying w C j CCt , 
recreate the m— times excited state, eject the atoms, and 
so on. We can do this roughly N/m times in a deter- 
ministic fashion before having to reload the FORT with 
atoms. Assuming single atom Rabi frequencies of 1 MHz 
the time it takes to create an m— times excited state is 
roughly m/^/N, since the effective Rabi frequencies scale 
as 1/>/n. We see that for pulses with up to about a hun- 
dred atoms the repetition rate will be limited by the ejec- 
tion time which we have estimated as t\ ~ 40 /is. While 
the parameters can be chosen for faster or slower opera- 
tion, kHz atomic pulse rates are certainly accessible. 

The direction of the ejected atoms will be determined 
by the positioning of the eject beam with respect to the 
FORT, which provides a means of scanning the ejected 
atoms. The transverse spread of the atomic beam will 
be determined by gradients in the eject beam, as well as 
fluctuations due to spontaneous emission. For the 1 GHz 
detuning used in the numerical example of Fig. || the 
number of photons scattered from atoms in \b) during a 
t\ ~ 40 fis eject pulse is n scat ~ 21. (The corresponding 
number of photons scattered from atoms in \a) for which 
the detuning is -5.8 GHz is only about 0.6.) This re- 
sults in an rms momentum transfer due to spontaneous 
emission that is about a tenth of the coherent impulse 
after an eject time t\. The emitted beam will therefore 
be well collimated. It is also feasible to move atoms a 
controlled distance using traveling dipole force fields as 
demonstrated recently in The flexibility of optical 

control of the beam direction opens the potential of many 
applications in areas that include optical lattice neutral 
atom quantum computers, atomic interferometers, preci- 
sion low-level current sources, and also nanofabrication 
tasks at the single atom level. 

We turn now to the creation of a phased array single 
photon source with a diffraction-limited emission pat- 
tern. When the optical fields propagate through the 
sample, atoms will be excited with position dependent 
relative phases as in Eq. (|l|). This results in an entan- 
gled state with a phase structure that mimics the phase 
of the exciting beam and can be used to create a single 
photon source with well defined directionality. While pre- 
vious work has achieved single photon sources with a con- 
trolled emission direction by coupling to microcavities |fl2l 
our approach results in a source emission pattern that 
is reconfigurable and is defined by the structure of the 
preparation optical fields. Referring to Fig. ||, fields at 
lj\ and ll>2 with Rabi frequencies f^i and Q2 drive a 
two-photon transition \a) — > |e) — > \r) to the Rydberg 
level \r) in an iV-atom ensemble. The effective Rabi fre- 
quency for the two photon process acting on atom j is 



|^| e *0i+*02 = (|QjJ e i^)|Q 2 | e i<fefo))/A e , where fa and 
fa are the phases of fields u>i, u>2 at the atomic posi- 
tion r^and A e = uii — uj ea . As long as Pdoubie given by 
Eq. (g) is small only transitions to states with a sin- 
gle excited atom are energetically allowed and we have 
an effective dipole blockade. Under these conditions an 
ensemble of atoms in \a) subjected to a 7r-pulse applied 
on j a) — > \r) produces the entangled symmetric super- 



position state 



V.e l ^« + *y)|rj). The phases 



cf> m j — k m • Vj are simply the phase of the m laser field 
e «(k m -r-w m t)) at t j ie p 0S iti on Yj of the j th atom. 
We now apply a 7r-pulse with UI3 tuned to the \r) — > 
|e) single-photon transition. The wavefunction is then 
transformed into 



N ^ 



,l(4>lj+<t>23-<t>3j) I 



(4) 



This state will radiate into a variety of modes with all 
the atoms in state \a) and a single photon propagating 
in direction k4. The amplitude for emission into state 
Iff, lk 4 ) = \a\...aj...aN, lk 4 ) is proportional to 



( ff ,l k J(e k4 .d)4y k ->,0 k4 ) 

(.9l e k 4 • d| ei )e l ( k4 - kl - k2+k3 ^ 



N 



(5) 



where e k4 is the polarization of the emitted photon and 
aj^ is the creation operator for a photon in mode k4. As- 
suming an isotropic angular distribution from the atomic 
matrix element gives for the angular distribution 



P(k 4 ) cx 



N 



i(k4— ki— k2+k3)rj 



(6) 



Note that the emission is highly directional; in the di- 
rection k4 = ki + k2 — k3 the phases are zero for each 
atom giving -P(k<j) = N while for other directions the 
phase factors become random and -P(k4) ~ 1. A calcu- 
lation of the angular distribution, assuming an isotropic 
atomic matrix element, is shown in Fig. [| The width 
of the central emission peak is determined by diffraction. 
For N — 50 the numerical value for the FWHM agrees 
to better than 10% with the diffraction estimate of X/D, 
where D is the diameter of the phased atom cloud. 

It is evident from Eq. (^) that the angular pattern 
of the emitted single photon beam bears a close analogy 
with four-wave mixing. If we arrange for k2 = — ki the 
photon will be emitted in a phase conjugate mode with 
k 4 = — k3. For a single photon source it is more con- 
venient to have the emitted photon angularly separated 
from the other beams as shown in Fig. |^. By setting the 
waist size of the ki, k2, k3 beams to be much larger than 
the size of the atomic distribution all atoms will to a good 
approximation be driven by the same optical intensities 
so that the accuracy of the preparation Rabi pulses will 
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FIG. 3: Fields used for state preparation and angular emission probabilities (arb. units on linear scale) at A4 = 0.78 /im for 
N = 10, 20, and 50 atoms randomly positioned within a 5 /im diameter sphere. 



be high. The angular divergence of the emitted pulse will 
be determined by the size of the atomic cloud, as seen in 
Fig. I 

Several factors can contribute to angular broaden- 
ing of the emitted mode. The atomic motion dur- 
ing a 3 /is sequence of preparation pulses, accounting 
for the characteristic speed of 30 /j,K 87 Rb atoms, is 
Ax ~ 0.15 /im, which is about 1/5 of the emission wave- 
length. The contribution of this motional dephasing to 
broadening of the emission mode is a subject of current 
study. Imperfect dipole blockade leading to doubly ex- 
cited states can also degrade the single photon fidelity. 
We note that this will be strongly suppressed by angu- 
lar selection since the contribution to emission along k.4 
due to a doubly excited Rydberg state channel is pro- 
portional to (i/Ar)|^ e *(fc4-2(/c 1+ fc 2 )+fc3)|2 which ig not 

phase matched along the direction 9 selected in Fig. ||. 
Finally we note that by employing an excited level |e) 
that is not dipole coupled to the ground state it will be 
possible to create entangled two-photon pairs with simi- 



lar beam-like emission properties. 
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FIG. 4: Angular direction 9 of the photon emitted along 
lt4 for collinear Rydberg excitation beams ki , k.2 and k3 
tilted by an angle <f). 



[1] C. H. Bennett and G. Brassard in Proceedings of the 
IEEE International Conference on Computers, Systems 
and Signal Processing, p. 175 (IEEE, New York, 1984). 

[2] A. Imamoglu and Y. Yamamoto,Phys. Rev. Lett. 72, 210 
(1994); C. K. Law and J. H. Eberly, ibid. 76, 1055 (1996); 

C. K. Law and H. J. Kimble, J. Mod. Opt. 44, 2067 
(1997); A. Kuhn, et al., Appl. Phys. B 69, 373 (1999); J. 
Kim, et al., Nature (London) 397, 500 (1999); C. Brunei, 
et al., Phys. Rev. Lett. 83, 2722 (1999); C. Santori, et al., 
ibid. 86, 1502 (2001); P. Michler, et al, Science 290, 2282 
(2000); B. Lounis and W. E. Moerner, Nature (London) 
407, 491 (2000); R. Brouri, et al., Opt. Lett. 25, 1294 
(2000); C. Kurtsiefer, et al., Phys. Rev. Lett. 85, 290 
(2000); S. Brattke, B. T. H. Varcoe, and H. Walther, 
ibid. 86, 3534 (2001). 

[3] For recent reviews see, D. Bouwmeester, A. Ekert, and 
A. Zeilinger (Eds.), The physics of quantum information, 
(Springer, Berlin, 2000); G. Alber, et al., Quantum Infor- 
mation An introduction to basic theoretical concepts and 
experiments, (Springer, Berlin, 2001). 

[4] G. K. Brennen, et al., Phys. Rev. Lett. 82, 1060 (1999); 

D. Jaksch, et al. ibid. 82, 1975 (1999); I. H. Deutsch, G. 



K. Brennen, and P. S. Jessen, Fortschr. Phys. 48, 925 

(2000); T. Calarco, et al., ibid. 48, 945 (2000); A. M. 

Steane and D. M. Lucas, ibid. 48, 839 (2000). 
[5] M. D. Lukin, et al. Phys. Rev. Lett. 87, 037901 (2001). 
[6] H. J. Metcalf and P. van der Straten, Laser cooling and 

trapping, (Springer, New York, 1999). 
[7] T. F. Gallagher, Rydberg atoms, (Cambridge University 

Press, Cambridge, 1994). 
[8] D. Jaksch, et al., Phys. Rev. Lett. 85, 2208 (2000). 
[9] Z. Hu and H. J. Kimble, Opt. Lett. 19, 1888 (1994); 

D. Frese, et al., Phys. Rev. Lett. 85, 3777 (2000); N. 

Schlosser, et al., Nature (London) 411, 1024 (2001). 
[10] An alternative approach using a quantum degenerate gas 

was demonstrated recently in M. Greiner, et al., Nature 

(London) 415, 39 (2002). 
[11] S. Kuhr, et al., Science 293, 278 (2001). 
[12] F. De Martini, G. Di Giuseppe, and M. Marrocco, Phys. 

Rev. Lett. 76, 900 (1996); G. S. Solomon, M. Pelton, and 

Y. Yamamoto, ibid. 86, 3903 (2001); E. Moreau, et al., 

Appl. Phys. Lett. 79, 2865 (2001). 



